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Infection of dengue viruses (DENs) can cause human dengue fever, hemorrhagic fever, or shock syndrome. Although
DEN-induced apoptosis has been implicated in pathogenesis of the DEN-related diseases, the underlying mechanism
remains largely unexplored. In this study, we investigated the effect of ectopic expression of human bcl-2 and bcl-X genes
on DEN-induced apoptosis in cultured cells. We employed a human isolate of DEN serotype 2 (DEN-2), PL046, which not only
caused cell-cycle arrest in the G1 phase but also induced apoptosis in infected baby hamster kidney (BHK-21) cells, murine
neuroblastoma N18 cells, and human neuronal NT-2 cells. Our results reveal that overexpression of bcl-2 in fibroblast-like
BHK-21 cells, although not inhibiting virus yields, delayed the process of DEN-induced apoptosis, thereby permitting surviving
cells to become persistently infected. In contrast, stable bcl-2 expression in neuronal N18 cells failed to block DEN-induced
apoptosis. On the other hand, Bcl-XL, expressed predominantly in the nervous system, appeared to delay DEN’s killing effect
in neuronal N18 cells but not in fibroblast-like BHK-21 cells. In addition, inducible expression bcl-Xs, despite its proapoptotic
property in other reported system, was found to merely accelerate cell death in DEN-infected N18 but not in infected BHK-21
cells. Thus, through studying the effect of human bcl-2-related genes, our results suggest that DEN infection may trigger
target cells to undergo morphologically similar but biochemically distinct apoptotic pathways in a cell-specific manner.
© 2001 Academic Press
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DINTRODUCTION
Dengue viruses (DEN) are a group of the most medically
important flaviviruses, which include more than 70 viruses
(Shope, 1980; Monath, 1986; Monath and Heinz, 1996). All
four serotypes of DEN are capable of causing human
diseases with different degrees of severity, ranging from
asymptotic infection or dengue fever to devastating dengue
hemorrhagic fever (DHF) and dengue shock syndrome
(DSS). It is estimated that 100 million cases of dengue fever
occur annually. Even with appropriate supportive treatment,
the average mortality rate for fulminant DHF/DSS can ex-
ceed 5% (Gubler and Clark, 1995). Thus, DEN has recently
emerged as an important infectious disease in tropical
areas, second only to malaria.
In humans, the primary sites for DEN multiplication are
likely to be macrophages/monocytes (Halstead, 1988)
and immature dendritic cells (Wu et al., 2000), which may
spread the infection further to the reticuloendothelial
system, including lymph nodes, liver, spleen, and bone
marrow. The underlying mechanisms for the pathogene-
sis of DHF/DSS and other DEN-related diseases remain
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141unclear. Hemorrhage and shock caused by DEN infec-
tions are probably due to the occurrence of abnormal
immune responses (Halstead, 1989), involving antibody-
dependent enhancement (Kurane et al., 1994; Vaughn et
al., 2000) and/or activation of T-lymphocytes (Green et al.,
999a,b). Alternatively, DHF/DSS may be due to dis-
urbed homeostasis of the blood clotting system in the
EN-infected patients (Hathirat et al., 1993; Anderson et
l., 1997; Huang et al., 1997; Murgue et al., 1997). Equally
mportant, the intrinsic virulence among different DEN
solates (Morens et al., 1991; Lee et al., 1993; Mangada
nd Igarashi, 1998; Leitmeyer et al., 1999) may also
ontribute to disease severity. In some human cases and
n several experimental animal studies, DEN infections
lso seem to cause fatal encephalitis, suggesting that
estruction of infected neuronal cells in the central ner-
ous system may account for neurological manifesta-
ions (Hotta, 1952; Despres et al., 1998; Lin et al., 1998).
Moreover, DEN serotype 1 (DEN-1) was recently shown
to trigger infected cells to undergo apoptosis in vitro
(Despres et al., 1996) and in vivo (Despres et al., 1998).
hese observations suggest that virus-induced apopto-
is may contribute, at least in part, to the pathogenesis of
EN-related diseases. Still, little is known about how
roductive replication of DEN triggers apoptosis in in-
ected cells.
0042-6822/01 $35.00
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142 SU ET AL.Advances in our understanding about apoptosis have
led us to recognize the members of the Bcl-2 family of
proteins from vertebrates as crucial cellular mediators in
most apoptotic pathways. An expanding list of Bcl-2-
related proteins has been identified in mammalian cells
and in viruses, all of which share at least one of four
conserved regions, namely Bcl-2 homology (BH1 to 4)
domains (Adams and Cory, 1998; Chao and Korsmeyer,
1998). Characteristically, most antiapoptotic members in
this family contain BH1 and BH2 domains, and those
closely resembling Bcl-2, such as Bcl-XL, possess all four
H domains. On the other hand, almost all proapoptotic
ubfamilies of Bcl-2 contain a BH3 domain. These in-
lude Bax and Bik, as well as Bcl-XS, which is actually a
horter version of Bcl-XL generated by alternatively splic-
ing from the same open reading frame of bcl-X (Boise et
al., 1993).
A balance among bcl-2 family genes has been sug-
gested to be crucial for the establishment of alphavirus
persistence (reviewed in Griffin and Hardwick, 1997). In
addition, studies pertaining to Sindbis virus (Levine et al.,
1993), Semliki forest virus (Scallan et al., 1997), Japanese
encephalitis virus (JEV) (Liao et al., 1997), and influenza
irus (Olsen et al., 1996) have indicated that constitutive
xpression of human bcl-2 prevents some, but not all,
ypes of infected cells from undergoing apoptosis and
onsequently causes the surviving cells to become per-
istently infected. We previously showed that upon JEV
nfection, such an enforced overexpression of bcl-2 only
ppears to restrain the apoptotic process, rather than
irus replication, in BHK-21 cells, suggesting an impor-
ant role of the antiapoptotic effect of bcl-2 in the estab-
lishment of JEV persistence (Liao et al., 1998). In the
present study we observed that productive DEN replica-
tion could cause cell growth arrest and apoptosis. More-
over, we found that ectopic expression of bcl-2 in fibro-
blast BHK-21 cells, but not in neuronal N18 cells, delayed
the apoptotic process subsequently facilitating the es-
tablishment of persistent DEN infection in surviving cells.
In contrast, bcl-XL or bcl-XS seemed to exert their pre-
dicted biological effects more efficiently in neuronal N18
than in fibroblast BHK-21 cells. These observations are
consistent with the notion that overexpression of bcl-2 or
bcl-XL does not universally inhibit every apoptotic pro-
cess in all systems (reviewed in Boise et al., 1995). Our
results here suggest that as an apoptotic inducer, DEN
infection may trigger its different target cells to undergo
phenotypically similar but biochemically different death
pathways.
RESULTS
Different serotypes of DEN induce apoptosis in BHK-
21 and N18 cellsThe use of monocytic cell types should theoretically be
an appropriate approach for a DEN in vitro study. Yet, forunknown reason, we have previously observed that DEN
could hardly infect monocytes/macrophage cell lines,
including human cells, U937 and THP-1 (Lin et al., 1998),
as well as the mouse cells, P388D1, J744.1, and RAW
264.7 (unpublished data); in addition, even though some
of the above cells were infected, DEN appeared to cause
no apparent CPE. On the other hand, DEN-1 (Despres et
al., 1996) has been shown to trigger infected murine
neuronal Neuro 2a cells to undergo apoptosis. In this
study, we therefore employed DEN-2 PL046, a local hu-
man isolate strain, to infect fibroblast-like BHK-21 and
neuronal N18 cells. To ascertain whether these cells can
support DEN productive replication, the kinetics of DEN
replication (at an m.o.i. of 5) in these two cell lines were
determined by one-step growth curves. In both infected
cell lines, approximately 100% of the cells were con-
firmed to be DEN-infected by IFA using monoclonal an-
tibodies against DEN-2 NS1 or NS3 (data not shown).
The virus titers reached their peak at about 48 h postin-
fection (h.p.i.) (Fig. 1); starting from 30 h.p.i., CPE of the
infected cells became evident (data not shown), which
was concurrent with the same period for cells to actively
produce a large quantity of infectious virus particles.
These data indicate that both BHK-21 and N18 cells can
support productive DEN replication, which resulted in
severe CPE in both cell lines. Thus, primary DEN-2 in-
fection in these two cells can be categorized as a pro-
ductive and lytic infection.
To investigate whether DEN-2 induces apoptosis, in-
fected BHK-21 and N18 cells were analyzed by several
morphological and biochemical assays for the presence
of apoptotic characteristics. To visualize the nucleus
morphology by fluorescence microscopy, DEN- or mock-
infected cells were stained with propidium iodide (PI)
(see Materials and Methods). Figure 2 shows that, after
a 40-h infection with 5 m.o.i. of virus, many DEN-infected
BHK-21 cells (compare A and B) as well as DEN-infected
N18 cells (compare C with D) exhibited chromatin con-
densation. To determine whether chromosomal DNA
breaks were generated during DEN infection, the in-
fected cells were labeled and analyzed by TUNEL assay
and then microscopically examined for the presence of
DNA nicks in the nuclei, one of the diagnostic features of
apoptosis. Approximately 30–40% of TUNEL-positive
cells were observed in DEN-2-infected BHK-21 (Fig. 2F)
and N18 cells (Fig. 2H), but not in mock-infected cells
(Figs. 2E and 2G). In addition, another DEN-2 reference
strain, New Guinea C, could also cause apoptosis in
infected BHK-21 and N18 cells; similarly, we observed
that both DEN-1 (Hawaii strain) and DEN-3 (H87 strain)
could also induce apoptosis in infected BHK-21 and N18
cells (data not shown). Together, these results illustrate
that different serotypes of DEN can provoke apoptosis in
a cultured cell system.
a bcl-2 over-expressing N18 clone. BHK-neo and N18-neo cells contain the
143EFFECT OF bcl-2 AND bcl-X ON DENGUE-INDUCED APOPTOSISDEN-2 replication caused cell growth arrest in G1
phase
Inappropriate activation or inactivation of cell cycle re-
lated proteins, together with subsequent unregulated cell-
cycle control, often triggers the cells to commit suicide
(reviewed in Meikrantz and Schlegel, 1995). To examine
whether DEN can affect the cell-cycle progression of in-
fected cells, we analyzed the cell-cycle profiles of DEN-2-
infected BHK-21 and N18 cells with a fluorescence-acti-
vated cell sorter (FACS) using PI staining. A representative
result in Fig. 3A shows that an increasing number of in-
fected BHK-21 cells gradually accumulated in the G1 phase
of the cell cycle, starting from (60.42%) at about 12 h.p.i. and
becoming evident (71.47%) at 18 h.p.i., whereas no signifi-
cant difference in cell-cycle distribution was observed in
mock-infected cells during the same time periods. A slight
increase in the G2/M population level was also observed in
DEN-infected BHK-21 cells as compared to the level of a
corresponding population in mock-infected cells (Fig. 3A).
At 18 h.p.i., a small proportion of cells with DNA content
lower than 2N appeared in DEN-infected BHK-21 cells (Fig.
3A), suggesting that cells in this fraction had undergone
apoptosis.
Similarly, DEN-2-infected N18 cells also progressively
accumulated in the G1 compartment to a higher level (up to
92.94% at 36 h.p.i.) than did mock-infected cells (66.97%;
Fig. 3B). Even with synchronization of the cell cycle in the
G0/G1 phase by overnight serum starvation, we still ob-
served G1 arrest following DEN-2 infection in both BHK-21
and N18 cells (data not shown). In addition, infected human
neuroblastoma NT-2 cells also exhibited a similar increase
in the G1 phase after 36 h of infection; these cells subse-
FIG. 1. One-step growth curves of DEN and the effect of bcl-2 o
fibroblast-like BHK-21 (A) or neuronal N18 cells (B). The cells were infe
by plaque-forming assays at the indicated time points. The resulting d
is a BHK-21 cell clone that expresses human Bcl-2, and N18-bcl2#1 is
cloning vector alone to serve as controls.n DEN replication in different cells. One-step growth curves of DEN-2 in
cted with DEN-2 at m.o.i. 5 and virus titers in supernatants were determined
ata are the mean of two independent experiments with standard errors. B2-5quently underwent apoptosis (data not shown). In contrast
to DEN-2-infected BHK-21 cells (Fig. 3A), no apparent G2/MFIG. 2. Morphological analysis of cell death from DEN-infected cells.
BHK-21 (A, B, E, and F) and N18 cells (C, D, G, and H) were either left
untreated (A, C, E, and G) or infected with DEN-2 (B, D, F, and H) at
m.o.i. 5. At 40-h postinfection, the cells were stained with propidium
iodide (PI) (A–D; magnification, 3400) or assayed by TUNEL (E–H;
magnification, 3250), and the resulting cells were examined and pho-
tographed using fluorescence microscopy.
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144 SU ET AL.arrest was seen in DEN-2-infected N18 cells (Fig. 3B).
These results indicate that, following DEN-2 infection, cell-
cycle progression is gradually arrested in the G1 phase, as
infected cells undergo apoptosis in the culture system.
To explore the possible mechanism responsible for
DEN-induced cell growth arrest, we analyzed the amounts
of cell cycle associated proteins by immunoblot in infected
BHK-21 cells. Lysates from DEN-2- or mock-infected cells at
36 h.p.i. were examined for expression levels of cyclin A,
Cdk4, Cdc2, and PCNA as well as that of actin in the
fractions derived from either nuclei or cytosols. A represen-
tative result from two independent experiments was shown
in Fig. 4, which indicated that compared to mock-infected
cells, DEN-infected cells showed decrease of cyclin A in
the nuclear fraction, while in the cytosolic fraction, there
was slight increase of cyclin A. In addition, we found that
the amounts of Cdc2 kinase, a mitotic promoting factor,
were lower in both the cytosolic and the nuclear fractions
from infected BHK-21 cells than from mock-infected cells
(Fig. 4). On the other hand, there were no significant
changes in Cdk4, PCNA, or actin in the samples examined
(Fig. 4). Together, these data imply that, in response to DEN
infection, perturbation of the subcellular distribution of cy-
FIG. 3. DEN-2 infection induces a growth arrest at G1 phase in BHK
nfected by DEN at m.o.i. 5. Flow cytometry analysis by PI staining was
t the indicated time points. Representative data of three independentclin A and Cdc2 results in alteration of cell-cycle progres-
sion in BHK-21 cells.
t
MEffect of bcl-2 expression on DEN-induced apoptosis
in BHK-21 and N18 cells
Enforced expression of Bcl-2 delays the apoptotic pro-
cess of infected cells induced by certain, but not all, RNA
viruses (Liao et al., 1997; Rodgers et al., 1997). To deter-
d N18 cells. BHK-21 (A) or N18 (B) cells were either mock infected or
med to determine cell populations in different phases of the cell cycle
ments are shown here.
FIG. 4. Immunoblot analysis of cell cycle related proteins in DEN-2-
infected BHK-21 cells. Western analysis was carried out to determine
the amounts and subcellular localization of cyclin A, Cdk4, p34cdc2, and
CNA in mock-infected or DEN-infected BHK-21 cells at 36-h postin-
ection. Cyto represents protein samples obtained from cytosolic frac--21 anion and nu stands for those from nuclear fraction (see Materials and
ethods) of the indicated cells.
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145EFFECT OF bcl-2 AND bcl-X ON DENGUE-INDUCED APOPTOSISmine whether Bcl-2 can influence DEN-2-induced apop-
tosis in cultured cells, we infected the bcl-2-expressing
BHK-21 (B2-5) and N18 (N18-bcl2#1) cell lines (Liao et al.,
997) with DEN-2 PL046 and then judged their apoptotic
eatures by PI staining and TUNEL assay. Both of these
cl-2-expressing cell clones have been demonstrated to
e capable of resisting Sindbis virus-induced apoptosis
o some extent (Liao et al., 1997). As shown in Fig. 5A, at
6 h.p.i., DEN-2 infection induced chromatin condensa-
ion (a) and DNA breaks (c) in the nuclei of infected
HK-neo but not in infected B2-5 (b and d) cells. Also, as
hown in Fig. 5C, at 28 h.p.i., clear DNA ladders were
een in the DNA samples isolated from infected BHK-21
lane 1) and BHK-neo cells (lane 2). Whereas, similar to
ock-infected cells (Fig. 5C, lanes 4 to 6), no DNA
ragmentation was detected from DEN-2-infected B2-5
ells (lane 3). We began to detect a small amount of DNA
adders only after 48 h.p.i. from DEN-infected B2-5 cells
FIG. 5. Bcl-2 protects against DEN-induced apoptosis in fibroblast-lik
assay (c, d) of DEN-infected BHK-neo cells (a, c) or B2-5 (b, d) that stab
and examined by fluorescence microscopy (magnification, 3400). (B) P
for DEN-infected N18 or N18-bcl2#1 cells that stably express human bc
, and at 28-h postinfection, low molecular weight of cytoplasmic DNA
lectrophoresis. Lane M denotes DNA markers in nucleotides. (D) N18
8- (lane 1), 60- (lane 2), or 72-h (lane 3) postinfection, cytoplasmic DNAdata not shown). These results indicate that enforced
xpression of bcl-2 suppresses the DEN-2-inducedapoptotic process in fibroblast-like BHK-21 cells, at least
during the early stage of infection.
In contrast, DEN-2 infection could readily cause both
neuronal N18-neo and N18-bcl2#1 cells to undergo
apoptosis, as judged by the increased numbers of cells
whose nuclei showed chromatin condensation (Fig. 5B, a
and b) and DNA breaks (c and d). Also, DNA laddering,
although not as typical as for BHK-21 cells (Fig. 5C and
Liao et al., 1997), could be detected in N18, N18-neo, and
N18-bcl2#1 cells infected with DEN-2 (Fig. 5D). These
results indicate that Bcl-2 overexpression in N18 cells
failed to inhibit or delay apoptotic cell death induced by
DEN infection. Since bcl-2 expression levels were similar
to each other between the N18-bcl2#1 and B2-5 cell
clones (Liao et al., 1997), the dissimilar bcl-2 protection
ability observed in these two cell lines cannot solely be
attributed to the variation of Bcl-2 expression levels in
cells, but is more likely due to cell-type specificity. N18
21 cells but not in neuronal N18 cells. (A) PI staining (a, b) and TUNEL
ss human bcl-2. After 36 h of infection the infected cells were stained
ng (a, b) and TUNEL assay (c, d) were performed at 65-h postinfection
he BHK-21, BHK-neo, and B2-5 cells were infected with DEN-2 at m.o.i.
tracted (see Materials and Methods) and analyzed by 2% agarose gel
eo, and N18-bcl2#1 cells were infected with DEN-2 at m.o.i. 5, and at
tracted and analyzed by gel electrophoresis. S refers to mock infection.e BHK-
ly expre
I staini
l-2. (C) T
was excells expressing Bcl-2 have been demonstrated to have
a protective role in apoptosis induced by Sindbis virus
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146 SU ET AL.infection (Liao et al., 1997) and serum deprivation (Boix et
al., 1998), but not in JEV infection (Liao et al., 1997) or in
cyclohexamide treatment (Boix et al., 1998). These pre-
vious observations, together with the data shown in Fig.
5, suggest that N18 cells possess two different biochem-
ical pathways leading to apoptosis, e.g., one is bcl-2-
inhibitable pathway and the other is not.
We next sought to determine the amounts of endoge-
nous bcl-2 and bax expression in BHK-21 and N18 cells
efore and after DEN-2 infection. The results of immu-
oblot in Fig. 6 show that DEN-2 infection gradually
iminished the bcl-2 expression in both BHK-21 and N18
ells; however, during the same period of time, we ob-
erved a steady elevation of bax expression in infected
18 but not in infected BHK-21 cells, whose bax expres-
ion remained relatively stable. Together, these results
uggest that bcl-2 overexpression in BHK-21 cells can
eadily compensate for endogenous Bcl-2 proteins de-
raded following DEN-2 infection and thus alleviate
EN-induced apoptosis. In contrast, however, enforced
xpression of human bcl-2 in DEN-infected N18 cells not
nly must compensate for the loss of endogenous Bcl-2
ut also must antagonize the proapoptotic effect derived
rom virus-induced Bax, rendering the engineered human
cl-2 less potent in protecting against apoptotic cell
eath in DEN-infected N18 than in BHK-21 cells.
he antiapoptotic effect of bcl-2 in DEN-infected B2-5
ells was not mediated by restriction of virus
eplication
FIG. 6. Changes of endogenous bcl-2 and Bax proteins in BHK-21
and N18 cells upon DEN-2 infection. BHK-21 (A) or N18 cells (B) were
infected by DEN-2 at 5 m.o.i. and at the indicated time postinfection
(p.i.), cell lysates were prepared and their protein contents were de-
termined by Bio-rad protein assay method. The same amount of each
cell extract was immunoblotted with a polyclonal antibody against Bcl-2
(sc-783), a monoclonal antibody specific for Bax (sc-6236), or a poly-
clonal antibody against actin (serves as internal controls). Densitome-
try using the software system Scientitif Gauge (v3.01) in Bio-imaging
analyzer (BAS-1000, Fuji film) was used to determine the amounts of
the target proteins present in each sample after immunoblotting; the
values beneath the blots represent the ratios of each protein amount
compared to that from mock infection in lane M.Studies concerning influenza viruses (Hinshaw et al.,
994; Olsen et al., 1996), Sindbis virus (Ubol et al., 1994),
h
fnd Semliki forest virus (Scallan et al., 1997) have dem-
nstrated that one of the mechanisms by which Bcl-2
revents infected cells from undergoing apoptosis is the
nhibition of viral replication. To examine the effect of
cl-2 expression on DEN replication, we determined the
ne-step-growth curve for DEN-2 PL046 reproducing in
HK-21 or N18 cells. Our data in Fig. 1A show that DEN-2
ould productively replicate in B2-5 cells as efficiently as,
r better at the early phase than, it could in both BHK-21
nd BHK-neo cells. Likewise, DEN production was com-
arable among N18, N18-neo, and N18-bcl2#1 cells, all
f which reached similar levels by 24 h.p.i. (Fig. 1B). In
act, bcl-2 expression (Fig. 1) seemed to slightly promote
irus yields at the early stage of virus replication in both
nfected B2-5 (at 24 h.p.i.) and N18-bcl2#1 cells (at 12 to
4 h.p.i.). Together, these results suggest that Bcl-2 pro-
eins possibly only play a prosurvival, rather than an
ntiviral, role in infected cells in inhibiting DEN-2-in-
uced apoptosis. Similar observations for reovirus
Rodgers et al., 1997) and JEV (Liao et al., 1997) were
reviously described; in those two studies, bcl-2 expres-
ion inhibited virus-induced apoptosis without influenc-
ng virus replication.
ffects of Bcl-2 or Bcl-XL proteins on cell survival
following DEN infection
DEN-2 infection triggered fibroblast-like BHK-21 cells,
but not neuronal N18 cells, to undergo bcl-2-inhibitable
apoptosis (Fig. 5). We next investigated the effect of
bcl-XL on cell survival in DEN-infected parental BHK-21
nd in N18 cells expressing Bcl-XL, whose expression
evel was comparable to that of N18-bcl2#1 cells ex-
ressing Bcl-2 (Liao et al., 1998; data not shown). Figure
shows how bcl-2 or bcl-XL expression affected the
killing kinetics of DEN-2 PL046 toward its target cells.
Upon DEN infection (at an m.o.i. of 5), wild-type BHK-21
cells were all killed by 3.5 days p.i., whereas after 4 days
of infection, approximately 10% of bcl-2 expressing
BHK-21 (B2-5) cells survived (Fig. 7A). These surviving
cells could be maintained and grown into a stable cell
population without apparent CPE for more than 6
months. To determine whether this cell bulk was DEN
persistent, IFA using virus-specific antibodies was car-
ried out to detect viral antigens expressed in these cells;
about 95% of which showed microscopic positive stain-
ing in the cytoplasm (data not shown). In addition, virus
titers ranging from 103 to 105 PFU/ml was consistently
etected in the culture media from such bulk cells for
everal months, indicating that these cells had been
ersistently infected by DEN. Fluctuating virus yields
uggests the possible existence of DI virus particles
enerated during persistent infection.
In contrast, BHK-21 cells expressing bcl-XL, despite
aving a slightly prolonged life span after DEN infection,
ailed to establish persistent viral infection (Fig. 7A).
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147EFFECT OF bcl-2 AND bcl-X ON DENGUE-INDUCED APOPTOSISThese results imply that bcl-2 is more protective than
bcl-XL against DEN-2 infection when expressed in fibro-
last-like BHK-21 cells. On the other hand, both wild-type
18 and N18-bcl-2#1 cells were killed in a similar kinetic
attern by DEN-2 during the first 5 days p.i., whereas for
18-bcl-XL cells the killing process was apparently de-
ayed (Fig. 7B). In addition, after massive killing during
-day cultures, surviving cells could be detected in ap-
roximately 5% of the parental N18, 26% of N18-bcl-2#1,
nd 40% of N18-bcl-XL-25 cells (Fig. 7B). All these sur-
iving cell populations were confirmed to be persistently
nfected by DEN-2 as described above for BHK-21 deriv-
tives. Furthermore, stable expression of bcl-XL both in
BHK-21 and in N18 cells had no inhibitory effect on
DEN-2 production after primary infection (data not
shown). These results, collectively, indicate that Bcl-XL,
which did not restrict virus replication, exhibits a greater
prosurvival ability against DEN-induced apoptosis in
neuronal N18 cells than does Bcl-2.
bcl-XS expression accelerated DEN-2-induced
apoptosis in neuronal N18 but not in fibroblast
BHK-21 cells
Contrary to Bcl-2 and Bcl-XL, Bcl-XS, which lacks the BH1
and BH2 domains from Bcl-XL, functions as a proapoptotic
regulator in some systems (reviewed in Adams and Cory,
1998; Chao and Korsmeyer, 1998). To further characterize
DEN-2-induced apoptosis, we explored how bcl-XS expres-
ion could affect cell-growth kinetics following virus infec-
ion. We established a lactose operon inducible system in
18 and BHK-21 cells so that the bcl-XS expression in these
cells was tightly regulated. As the data in Fig. 8A show,
bcl-XS expression could be turned on by the addition of 2
FIG. 7. The effect of bcl-XL on DEN-induced cell death in fibroblast-
with DEN-2 at m.o.i. 5. Percentage of cell survival rate was determined
the mean of three independent experiments with standard errors.M IPTG, and therefore we used this maneuver to manip-
late the inducible expression of Bcl-XS in BHK-21 or N18 fcells containing the plasmid, bcl-Xs/pOPI3. As shown in
Fig. 8B, following DEN-2 infection, regardless of whether or
not bcl-XS was expressed, all the BHK-21 clones tested
ere equally sensitive to the killing effects of DEN-2 infec-
ion. This observation suggests that Bcl-XS is incapable of
promoting DEN-2-induced cell death in fibroblast-like
BHK-21 cells.
On the other hand, we found that Bcl-XS proteins, after
being induced by the addition of 2 mM IPTG, had no
influence on the cell-growth kinetics of N18 cell clones
(Fig. 8C), consistent with a previous report in which
Bcl-XS overexpressed in MCF-7 cells by stable transfec-
tion did not by itself affect cell viability (Sumantran et al.,
1995). However, upon DEN-2 infection the inducibly ex-
pressed Bcl-XS appeared to sensitize N18/POPI/XS cells
o be killed when treated with 2 mM of IPTG, especially
fter 36-h.p.i. because significant differences among the
urvival rates resulted as compared to the control with-
ut IPTG induction (Fig. 8D). Together, these results sug-
est that Bcl-XS is able to potentiate the DEN-2-induced
poptotic process, thereby facilitating cell death in neu-
onal N18 cells, but not in fibroblast-like BHK-21 cells.
his observation agrees with results shown by other
roups in that Bcl-XS only confers a sensitizing effect
eading to increased cell death under different stresses
Boise et al., 1993; Sumantran et al., 1995; Minn et al.,
996; Ray et al., 1996). Nevertheless, following primary
EN-2 infection, the inducible expression of bcl-Xs either
n BHK-21 or in N18 cells had no apparent effect on virus
roductions as compared to that of their parental cells
data not shown).
DISCUSSION
K-21 cells and neuronal N18 cells. Different cell clones were infected
ated time points by trypan-blue exclusion, and the data presented arelike BHIn the present study, we demonstrate that DEN-2 in-
ection not only causes G1-growth arrest (Fig. 3) but
lre the m
ion and
148 SU ET AL.subsequently also triggers apoptotic cell death from its
target cells (Fig. 2). All cultured cells used here were able
to support productive DEN replication (Fig. 1). Starting
from about 16 to 48 h.p.i., DEN productions from infected
BHK-21 and N18 cells gradually reached a plateau (Fig.
1), and this time period was coincident with the occur-
rence of G1 arrest (Fig. 3). These data did not allow us to
determine the cause and effect for the relation between
growth arrest and apoptosis during DEN infection. How-
ever, our results demonstrate that G1 arrest was strongly
associated with the occurrence of apoptosis in cells
infected by DEN. It remains uncertain whether G1-
growth arrest, along with apoptosis, induced by DEN in
these cells is necessary for virus replication or merely is
an inevitable consequence of the cellular response after
virus infection. Since apoptotic cell death is an active
process involved in the cascade of cellular reactions, it
can be envisioned that DEN replication may require such
a process to finish its life cycle. Alternatively, it is possi-
ble that in response to DEN infection, host cells may
attempt to utilize growth arrest as well as apoptosis as a
FIG. 8. The pro-apoptotic effect of bcl-XS on DEN-induced cell death i
of bcl-XS protein. bcl-XS expression in BHK/POPI/XS cells could be reg
ysates from these cells showed expression of bcl-XS after adding 2 m
DEN-induced cell death in BHK-21 cells. BHK-21 and BHK/POPI/XS cells
ago or left untreated. At indicated time points the cell survival rates of
bcl-Xs did not interfere the normal growth rate in N18/POPI/XS cells. Th
counted as the method of BHK/POPI/XS and plotted. (D) Bcl-Xs facilitate
5 after 24-h IPTG induction, N18/POPI/XS cells were treated with 2 m
calculated and plotted at the indicated time points. The resulting data a
indicate significant differences between the cells () with IPTG inductstrategic operation to restrain viral replication. In fact, we
previously demonstrated that DEN-2 could productivelyinfect human erythroleukemia K562 cells without spur-
ring any abnormal cell-cycle progression or apoptotic
cell death (Lin et al., 1998). Also, K562 cells can allow
DEN persistence to be established without massive kill-
ing after a primary infection (Lin et al., 1998). These
observations suggest that to complete a viral life cycle,
DEN does not necessarily require the infected host cell
to undergo G1-growth arrest or the apoptotic process.
On the other hand, following DEN infection, both
BHK-21 and N18 cells exhibited a significant decrease in
their cell populations in the S phase of the cell cycle (Fig.
3). These data imply that such cells in the S phase might
be more vulnerable to cell death, or that DEN replication
was able to retard the transition from the G1 to S1 phase
of cells. This result contrasts findings from previous
studies (Ubol et al., 1996; Karpf and Brown, 1998) in
which the population in S phase of Sindbis virus-infected
vertebrate cells, including BHK-21, seemed to be more
resistant to virus-induced apoptosis. One possible expla-
nation for this discrepancy is that concurrence of pro-
ductive DEN replication during the stage of cellular DNA
last-like BHK-21 cells and neuronal N18 cells. (A) Immunoblot analysis
under the control of a IPTG inducible system. Immunoblot analysis of
G in cultured media. (B) Expression of bcl-Xs could not enhance the
ed with DEN-2 at m.o.i. 5, were previously treated with 2-mM IPTG 24 h
ell clone were determined by trypan-blue exclusion. (C) Expression of
umbers of N18/POPI/XS cells, inducibly expressing bcl-Xs or not, were
N-induced cell death in neuronal N18 cells. Infected with DEN at m.o.i.
or left untreated. The cell survival rates of DEN-infected cells were
ean of three independent experiments with standard errors. Asterisks
the ones (h) without (P , 0.05 by Student’s t test).n fibrob
ulated
M IPT
, infect
each c
e cell n
the DE
M IPTGsynthesis is somewhat more cytotoxic to DEN-infected
BHK-21 or N18 cells. Alternatively, this could be a normal
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149EFFECT OF bcl-2 AND bcl-X ON DENGUE-INDUCED APOPTOSISresponse for these cells to arrest themselves in the G1
phase so that they can avoid entering a suicidal course
triggered by DEN replication, even though prolonged G1
arrest in DEN-infected cells still ultimately results in cell
death. Which of the viral gene product(s) is responsible
for DEN cytotoxicity by causing growth arrest and apo-
ptotic death, and how human K562 cells overcome the
deleterious effect stemming from DEN replication and
manage to achieve symbiosis between the virus and cell
remain to be determined.
In this study, we further characterize DEN-induced
apoptosis by exploring the effect of ectopic expression of
some human bcl-2 members on DEN-infected cells. Our
results reveal that overexpression of bcl-2 in BHK-21
ells, while not inhibiting virus production (Fig. 1A), ap-
ears to delay the process of DEN-induced apoptosis
Fig. 5), consequently causing surviving cells to become
ersistently infected (Fig. 7A). In fact, at the initial stage
f persistence, DEN killed approximately 90% of infected
2-5 cells (Fig. 7A) even though they expressed sufficient
mounts of Bcl-2, indicating that when converting from a
ytic to a persistent infection, both virus and host cells
ust experience tremendous selection pressures. This
esult agrees with our previous study of JEV persistence
Liao et al., 1998). By contrast, for Sindbis and Semliki
orest viruses, bcl-2 expression appears to be more
apable of assisting infected cells establish viral persis-
ence (Levine et al., 1993; Scallan et al., 1997). Moreover,
studies concerning the Sindbis virus (Ubol et al., 1994)
and Semliki Forest viruses (Scallan et al., 1997) indicate
that in addition to Bcl-2’s antiapoptotic capability, Bcl-2
permits viruses to achieve persistence by blocking virus
replication in infected cells. On the other hand, our re-
sults here, together with results from the previous stud-
ies of JEV (Liao et al., 1998) and reovirus (Rodgers et al.,
997), all demonstrate that it is the antiapoptotic function
ather than the antiviral effect of Bcl-2 that modulates the
utcome of viral infections. Nevertheless, exactly what
actor causes some, but not all, of the bcl-2-expressing
ells to become persistently infected by DEN (Fig. 7A)
emains elusive and requires further study. It is conceiv-
ble that establishment of DEN persistence in cultured
ells is a dynamic process that results from interactions
etween the virus and host cells. For DEN to achieve
ersistence, some of the infected cells, with the aid of
cl-2 expression, must have evolved a secure, as yet
nclear capability to accommodate virus replication with-
ut undergoing lysis. Alternatively, some viruses may be
ble to modify themselves such that their replication no
onger imposes damage to the DEN-infected cells. The
xistence of DEN-persistent cells thus represents a suc-
essful endpoint of this selection process, at which time
ells can survive simply because they have properly
alanced the dilemma between cytolytic and persistentnfection.
It is still unclear why only enforced expression of bcl-2,rather than bcl-XL, can create a unique microenvironment
within fibroblast BHK-21 suitable for establishment of
DEN persistence. We found that enforced bcl-2 expres-
ion did not appear to hinder the course of DEN-induced
ell death in neuronal N18 cells (Figs. 5 and 7) and that
he expression of bcl-XL failed to assist the establish-
ent of DEN persistence in fibroblast BHK-21 cells (Fig.
A). Also, we noticed that upon DEN infection, Bcl-XL,
hich expresses predominantly in the nervous system,
xhibited a greater antiapoptotic capacity in neuronal
18 than in fibroblast-like BHK-21 cells (Fig. 7B). In ad-
ition, our data also revealed that inducible expression
f bcl-XS, despite its proapoptotic characteristic, is only
able to sensitize and accelerate neuronal N18 cells, not
fibroblast BHK-21, to undergo the cell death process in
response to DEN infection. Thus, upon DEN infection,
both long and short forms of Bcl-X proteins appeared to
be more capable of exerting their expected biological
functions in neuronal cells than in fibroblasts, whereas
Bcl-2 exercises its antiapoptotic function more efficiently
in fibroblast-like cells. These results lend further support
to a notion that, despite being biochemically and func-
tionally similar to each other, Bcl-2 and Bcl-XL are not
exchangeable without restriction for coping with different
kinds of death stresses (reviewed in Boise et al., 1995).
ubcellularly, it has been shown that in normal cells
cl-2 is exclusively membrane-associated, and Bcl-XL
and Bcl-XS are present in both soluble and membrane-
ound forms, whereas Bax exists predominantly in the
ytosol (Hockenbery et al., 1990; Krajewski et al., 1993;
onza´lez-Garcı´a et al., 1994; Minn et al., 1996; Hsu et al.,
997). During the apoptotic process, certain death sig-
als can trigger a shift of the subcellular locations of
cl-XL, Bcl-XS, and Bax from soluble to membrane-asso-
ciated forms in murine thymocytes and leukemia cells
(Hsu et al., 1997; Jia et al., 1999). In addition, although
oth bcl-2 and bcl-XL can prevent cytochrome-c release
and membrane potential loss due to mitochondrial alter-
ations (Zamzami et al., 1996; Jurgensmeier et al., 1998;
arita et al., 1998), Bcl-XL has an additional capability to
inhibit caspase activation by sequestering the apoptosis-
inducing factor, AIF (Hu et al., 1998; Pan et al., 1998).
hese and other observations illustrate how Bcl-2 and
cl-XL modulate similar but not identical apoptotic path-
ways in response to death stimuli. By means of manip-
ulating the ectopic expression of Bcl-2-related proteins,
our results here strongly suggest that although viral gene
products may conceivably also participate in the pro-
cess, cell-specific factor(s) appears to play a more cru-
cial role in determining how each Bcl-2-related protein
will function as a life-and-death regulator in different
types of cells infected by DEN.
It has been demonstrated (Jan et al., 2000) that DEN-
induced apoptosis in human neuroblastoma cells was
involved in activation of phospholipase A2, which in turn
triggered the generation of arachidonic acid that caused
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150 SU ET AL.mitochondria to release cytochrome c and to burst large
quantities of reactive oxygen species. Several caspases
could also be activated in response to DEN infection (Jan
et al., 2000 and our unpublished observations), which
ensured the infected cells undergoing apoptotic cell
death. It is of interest to study whether or not Fas/FasL
and their associated apoptotic pathway are involved in
DEN-induced apoptosis. We are currently investigating if
the protective role of bcl-2 seen in DEN-infected BHK-21
cells is truly due to the inhibitory effect of Bcl-2 protein on
cytochrome-c release and caspase activation.
To study DEN-induced apoptosis for this paper, we
mployed neuronal N18 and fibroblast BHK-21 cells due
o their apparent CPE following DEN-2 infection. One
hould be aware that there might be limitations in ex-
rapolating this work to certain aspects of DEN patho-
enesis associated with monocytes/macrophage in hu-
ans. However, we have demonstrated that DEN infec-
ion readily triggers apoptosis in cultured cells and that
poptosis is closely associated with cell growth arrest in
he G1 phase. DEN-induced apoptosis in infected fibro-
last-like BHK-21 cells appears to be a Bcl-2 inhibitable
rocess, which subsequently permits establishment of
iral persistence in surviving cells after long-term cul-
ure. On the other hand, the manifest characteristics of
EN-induced apoptosis in neuronal N18 cells can be
nfluenced by Bcl-XL or Bcl-XS, but not by Bcl-2 proteins.
hus, our results suggest that DEN infection, despite
riggering different target cells to undergo apoptosis,
ay induce biochemically distinct apoptotic pathways in
cell-specific manner.
MATERIALS AND METHODS
iruses and cell lines
A local Taiwanese strain of DEN-2 PL046 isolated from
F patients was generously provided by the National
nstitute of Preventive Medicine, Taiwan, ROC. DEN-1
rototype Hawaii strain, DEN-2 prototype New Guinea C
NGC) strain, and DEN-3 prototype H87 strain were
indly provided by Dr. D. J. Gubler from the Center for
isease Control and Prevention, USA. Virus propagation
as carried out in C6/36 cells utilizing RPMI-1640 me-
ium containing 5% fetal calf serum (FCS; GIBCO). Virus
iters were determined by a plaque-forming assay on
HK-21 cells as previously described (Lin et al., 1998).
18, a mouse neuroblastoma cell line (Amano et al.,
972) (kindly provided by Dr. D. E. Griffin, Johns Hopkins
niversity, Baltimore, MD), was grown in RPMI-1640 me-
ium containing 10% FCS (GIBCO). NT-2 ATCC CRL-1973,
human neuronal precursor cell line, was cultured in
pti-MEM (GIBCO) supplemented with 10% FCS.
ropidium iodide staining of cellsCell monolayers were fixed with 70% ethanol at 4°C for
h, treated with RNase (0.5 mg/ml) and PI (50 mg/ml) for
t
R5 min at room temperature (RT), washed 3 times with
BS, and visualized by fluorescence microscopy (Leitz,
luovert, FU).
erminal deoxynucleotidyl transferase-mediated dUTP
ick-labeling (TUNEL) assay
Apoptosis-induced DNA strand breaks were end-la-
eled with dUTP by terminal deoxynucleotidyl trans-
erase (TdT) using a commercial kit (In Situ Cell Death
etection Kit, Boehringer Mannheim) following the man-
facturer’s instructions. Briefly, the cells were fixed with
araformaldehyde solution (4% in PBS, pH 7.4) for 30 min
t RT and permeabilized in 0.1% Triton X-100 and 0.1%
odium citrate for 2 min on ice. The TUNEL reaction was
erformed by using fluorescein isothiocyanate–dUTP at
7°C for 60 min; the labeling was then observed under a
eitz fluorescence microscope.
NA fragmentation assay
Low molecular weight DNA in cytoplasm was ex-
racted from apoptotic cells as previously described (Ra-
achandra and Studzinski, 1995). Briefly, cell suspen-
ions in Hanks buffered salt solution (HBSS) were fixed
ith 70% ethanol for 24 h at 220°C. The cells were
entrifuged to remove the ethanol, and cell pellets were
esuspended and incubated in 40 ml of PC buffer (192
mM Na2HPO4, 4 mM citric acid, pH 7.8) at RT for 30 min.
fter centrifugation at 1000 g for 5 min, the supernatants
ere collected and vacuum-concentrated in new mi-
rofuge tubes using a SpeedVac for 15 min. Three mi-
roliters of NP-40 solution (0.25%) and 3 ml of RNase A
olution (1 mg/ml) were then added and incubated at
7°C for 30 min. After incubation, 3 ml of proteinase K
olution (1 mg/ml) was added and the mixture was fur-
her incubated at 37°C for 30 min. The resulting DNA
ontaining extracts were then analyzed by 2% agarose
el electrophoresis in 13 TBE buffer (Tris–borate–EDTA)
ith ethidium bromide staining.
irus infection and viral one-step-growth curve
To infect with DEN, monolayers of the indicated cell
ines grown in six-well plates were initially adsorbed with
EN at a multiplicity of infection of 5 for 1 h at 37°C. After
dsorption, three gentle washings with serum-free
PMI-1640 medium removed the unbound viruses. Fresh
edium containing 2% FCS was added to each plate for
urther incubation at 37°C. At the end of infection, the
ulture media were harvested for plaque-forming assay
o determine virus titers.
low cytometry analysis
Cells were fixed with 70% ethanol at 4°C for 1 h and
hen treated with RNase (0.5 mg/ml) and PI (50 mg/ml) at
T for 15 min. Before analysis, cells were passed through
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151EFFECT OF bcl-2 AND bcl-X ON DENGUE-INDUCED APOPTOSISa filter tube (Falcon No. 2235) to eliminate cell clusters.
The stained cells were analyzed by FACScaliber (Bec-
ton–Dickinson) and the collected data were analyzed
using software Modfit 2.0 (Becton–Dickinson). The value
for DNA content derived from PI staining was collected
through a band-pass filter set above 630 nm. About 104
cells were counted in each assay. Samples were gated
according to a two-parameter dot plot showing FSC and
SSC to exclude any cell debris that was not within the
normal cell size.
Establishment of cell clones permanently expressing
Bcl-2, Bcl-XL, and Bcl-Xs
BHK-21 and N18 cell clones permanently expressing
human Bcl-2 and Bcl-XL were described previously (Liao
et al., 1997, 1998), whose expression levels were con-
firmed in this study by Western blotting and IFA. To
establish a cell clone able to inducibly express bcl-Xs by
IPTG, BHK-21, or N18 cells were cotransfected by lipo-
fectamine (GIBCO-BRL) with inducible expression plas-
mid pOPI3 containing human bcl-Xs plus its regulatory
plasmid 39-SS (Stratagene) in a molar ratio of 1:1. The
transfected cells were selected and cloned in the pres-
ence of 500 mg/ml hygromycin (Boehringer Mannheim)
and 400 mg/ml geneticin (GIBCO-BRL). The resulting
clones were maintained in RPMI-1640 medium contain-
ing 5% FCS and 200 mg/ml geneticin. The expression of
human bcl-Xs in these cell clones was verified by West-
ern immunoblotting using antibody specific for the hu-
man Bcl-X protein (Santa Cruz).
Preparation of subcellular fraction
To prepare nuclear and cytosolic fractions, 5 3 107
BHK-21 cells were scraped and washed once with ice-
cold PBS. The cell pellet was resuspended in 3 volumes
of ice-cold hypotonic buffer [10 mM HEPES (pH 7.9), 1.5
mM MgCl2, 1 mM KCl, 1 mM sodium EDTA, 1 mM sodium
EGTA, 0.5 mM dithiothreitol (DTT)] containing protease
inhibitors [0.2 mM phenyl-methylsulfonyl fluoride (PMSF),
10 mg/ml leupeptin, 2 mg/ml aprotinin]. After 15-min in-
cubation, cells were disrupted by stroking 40 times in a
7-ml glass Dounce homogenizer (Wheaton) with a tight B
pestle. The nuclear pellets were collected by centrifuga-
tion of the resulting suspensions at 2500 g for 15 min at
4°C. To obtain the cytosolic S-100 fraction, the superna-
tants were further centrifuged at 100,000 g for 60 min at
°C to remove cellular debris. To extract nuclear pro-
eins, a 0.5 volume of ice-cold hypotonic buffer was
ixed with nuclear pellets, and an equal volume of
igh-salt buffer [20 mM HEPES (pH 7.9), 5% glycerol, 1.5
M MgCl2, 1.2 M KCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5
mM DTT] was added to the suspensions. After extrac-
tion, the mixture was centrifuged at 25,000 g for 30 min at
4°C to remove nuclear debris.Western immunoblot analysis
The cells were lysed by lysis buffer (1% NP-40, 150 mM
NaCl, 50 mM Tris–HCl, pH 7.5, 1 mM EDTA) containing a
cocktail of protease inhibitors, 20 mg/ml PMSF, 2 mg/ml
leupeptin, and 2-mg/ml aprotinin. Cell lysates were mixed
ith an equal volume of sample buffer (with b-mercap-
toethanol), separated by SDS–PAGE, and transferred to a
nitrocellulose membrane (Hybond-C Super, Amersham).
The nonspecific antibody-binding sites were blocked by
5% skim milk in PBS and reacted with the first antibody.
The blots were then treated with horseradish peroxi-
dase-conjugated goat anti-mouse immunoglobulin (Cap-
pel) or goat anti-rabbit antibody (Amersham) and devel-
oped with an ECL system (Amersham). Monoclonal an-
tibodies specific for human Bcl-2 (sc-509), anti-human
Bcl-XS/L (sc-634), and Bax (sc-6236), as well as a poly-
lonal antibody (sc-783) recognizing Bcl-2 from several
rigins, were purchased from Santa Cruz. Antiactin anti-
ody (Upstate Biotechnology) was used as an internal
ontrol for immunoblot.
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